In studies utilizing the isolated isovolumic blood-perfused canine heart, left ventricular pressure was measured following a sudden expansion of ventricular volume. An increase in performance occurred in two phases: first, there was an instantaneous rise of developed pressure simultaneous with ventricular distension; in the second phase, developed pressure continued to increase for several minutes until a final steady state was reached. The immediate increase in developed pressure occurred with a prolongation of the time-to-peak pressure, and there was no further change of time-to-peak pressure during the time-dependent increase of developed pressure. In another series of experiments, systolic pressure was elevated without changing resting volume, and mechanical performance changed in a different manner: after an increase in systolic load, there was a modest and transient decrease of developed pressure; thereafter, ventricular pressure recovered only to original values. The influence of different degrees of ventricular expansion, calcium, and verapamil were studied. Under higher ventricular dilations the immediate as well as the slow increase of contraction were heightened and the time to reach half of the slow increase was shortened. When ventricular dilation was induced during an infusion of calcium chloride, higher values for the immediate pressure increase were observed, whereas the timedependent increase and the time to reach half of the slow increase did not change in comparison with control studies. Verapamil decreased the immediate and the time-dependent enhancement of contraction. The time-dependent increase in developed pressure occurs more slowly with verapamil. These findings in the intact heart are in accord with the hypothesis that myocardial stretch is followed by an increase in intracellular calcium stores, and with the concept that the Frank-Starling mechanism involves an activation of the contractile state. (Circ Res 55: 59-66, 1984) 
Length Dependence of Activation Studied in the
Isovolumic Blood-Perfused Dog Heart SUMMARY. In studies utilizing the isolated isovolumic blood-perfused canine heart, left ventricular pressure was measured following a sudden expansion of ventricular volume. An increase in performance occurred in two phases: first, there was an instantaneous rise of developed pressure simultaneous with ventricular distension; in the second phase, developed pressure continued to increase for several minutes until a final steady state was reached. The immediate increase in developed pressure occurred with a prolongation of the time-to-peak pressure, and there was no further change of time-to-peak pressure during the time-dependent increase of developed pressure. In another series of experiments, systolic pressure was elevated without changing resting volume, and mechanical performance changed in a different manner: after an increase in systolic load, there was a modest and transient decrease of developed pressure; thereafter, ventricular pressure recovered only to original values. The influence of different degrees of ventricular expansion, calcium, and verapamil were studied. Under higher ventricular dilations the immediate as well as the slow increase of contraction were heightened and the time to reach half of the slow increase was shortened. When ventricular dilation was induced during an infusion of calcium chloride, higher values for the immediate pressure increase were observed, whereas the timedependent increase and the time to reach half of the slow increase did not change in comparison with control studies. Verapamil decreased the immediate and the time-dependent enhancement of contraction. The time-dependent increase in developed pressure occurs more slowly with verapamil. These findings in the intact heart are in accord with the hypothesis that myocardial stretch is followed by an increase in intracellular calcium stores, and with the concept that the Frank-Starling mechanism involves an activation of the contractile state. (Circ Res 55: 59-66, 1984) TRADITIONAL concepts suggest that myocardial length-tension relations depend on physical factors brought about primarily by overlap of the myofilaments (Yoran et al., 1973; Sonnenblick and Skelton, 1974; Julian and Sollins, 1975) . The inotropic state of the heart is generally not considered to be affected by changes in muscle length. Thus, the Frank-Starling mechanism and contractility generally are considered as quite separate mechanisms regulating ventricular performance. Recent studies undertaken in isolated cardiac muscle preparations suggest that changes in the activation process occur with changes in muscle length (Allen et al., 1974; Fabiato and Fabiato, 1975; Lakatta and Jewell, 1977; Lakatta and Henderson, 1977; Huntsman and Stewart, 1977; Ter Keurs et al., 1980; Gordon and Pollack, 1980; Allen and Kurihara, 1982) . As a consequence, a new concept has emerged: that muscle length influences inotropic state, and, therefore, a change of muscle length must be regarded as an inotropic intervention. In this respect, the results of previous studies (Parmley and Chuck, 1973; Gulch and Jacob, 1975; Allen, 1977; Lakatta and Jewell, 1977; Chuck and Parmley, 1980; Allen and Kurihara, 1982) , which have analyzed changes in active tension when isolated muscle preparations were suddenly stretched, are of particular relevance to the present investigation. Muscle performance is altered in two phases after a sudden stretch: there is an instantaneous increase in developed tension, followed by a relatively slow, time-• dependent increase in tension. It also has been shown (Parmley and Chuck, 1973; Lakatta and Jewell, 1977; Chuck and Parmley, 1980; Allen and Kurihara, 1982) that inotropic interventions alter the magnitude of both the sudden elevation and the time-dependent increase in developed tension, as well as the time-course of the myocardial response to stretch. These findings are not in agreement with the concept that simple physical factors alone determine myocardial length-tension relations (Jewell, 1977) . If these findings are applicable to the intact heart, diastolic volume and inotropic state cannot be regarded as independent regulators of cardiac performance.
Accordingly, the purpose of the present investigation is to examine, in the intact heart, the hypoth-esis that changes of ventricular volume result in changes in contractile state.
Methods
Experiments were performed in isolated canine hearts (from dogs weighing 9-12 kg) that were supported by the arterial blood of a second dog. The support dog (17-22 kg) was anesthetized with morphine hydrochloride (2 mg/ kg, im) plus sodium pentobarbital (20 mg/kg, iv), heparinized (500 U/kg, iv) and ventilated mechanically. Maintenance doses of pentobarbital (5 mg/kg, iv) and heparin (50 U/kg, iv) were administered hourly. Only data from experiments in which the mean arterial pressure of the support dog remained stable at levels above 80 mm Hg were utilized. Arterial blood pH and gases were periodically analyzed and corrected as needed (pH 7.35-7.45 ; Po 2 > 100 mm Hg; Pco 2 35-45 mm Hg) by adding bicarbonate or adjusting ventilation.
A roller pump circulated the blood from the left femoral artery of the support dog to a reservoir to perfuse the isolated heart through a cannula fixed in the ascending aorta. The reservoir was placed at a height sufficient to maintain a perfusion pressure of 100 mm Hg. The blood temperature, measured at the perfusion cannula, was maintained at 37°C by means of a heat exchanger. Coronary venous and thebesian flow returned from the isolated heart to the support dog through catheters inserted into the pulmonary artery and the apex of the left ventricle, respectively. Electrodes for epicardial electrocardiograms were sewn to the right ventricle.
Total atrioventricular block was induced by injecting formalin 10% (0.3-0.8 ml) through a small right atrial incision into the region of the atrioventricular (AV) node. Electrodes for artificial pacing were inserted just below the AV node region, and the atriostomy was closed by a purse-string suture. These procedures were performed during temporary occlusion of the coronary perfusion line; cardiac ischemia occurred for only 80-225 seconds during this period. Subsequently, heart rate was maintained constant at the lowest frequency that maintained a regular rhythm (range: 36-108 beats/min; mean ± SEM: 60 ± 4.0 beats/min).
The left atrium was opened, the mitral apparatus excised, and a soft distensible latex balloon placed in the left ventricle. The balloon was mounted on a cannulla (18 mm in diameter). A purse-string suture at the base of the left atrium was tightened around the cannula and held the balloon inside the left ventricular cavity. The balloon was sufficiently compliant and its size large enough so as not to contribute to pressure over the range of volumes studied.
Two sets of experiments were performed. The first was conducted so that we might analyze the changes of mechanical performance following a sudden ventricular dilation. In these studies, the isolated heart contracted isovolumically throughout the experiment. As ventricular dilation brought on an immediate increase in systolic pressure, a second series of studies was conducted in order to define the sole effect of a systolic load without changes in resting volume. In these experiments, the mitral cannula was connected to a system which allowed the ventricles to eject into a reservoir or, when it was desired, to contract isovolumically. In the first series, two polyethylene catheters traversed the mitral valve cannula. One catheter (30 cm long, 0.3 cm in diameter) was attached to a P23Db pressure-transducer; the other (15 cm long; 0.3 cm in Circulation Research/Vol. 55, No. 1, July 1984 diameter) was connected to a stopcock which controlled the amount of saline inside the ventricular balloon. In the other series of studies, the mitral cannula was connected to a plastic T tube. One arm of the T rube was connected to a saline reservoir by means of a rubber tube (15 cm long; 2.4 cm in diameter). The second arm was occluded by a rubber stopper traversed by a polyethylene catheter (10 cm long; 0.3 cm in diameter) which was connected to a stopcock. Another polyethylene catheter (30 cm long), traversing the T tube wall, allowed the measurement of pressure inside the intraventricular balloon. When ejecting beats were desired, the ventricular balloon was left in free communication with the saline reservoir. In this condition, the filling pressure was determined by the level of fluid in the reservoir. The small resistance to ejection accounted for low developed pressures (18.2 ± 2.1 mm Hg). To obtain isovolumic contractions, the rubber tube was clamped, to occlude communication to the reservoir. To optimize the isovolumic character of the contraction, the rubber tube was made stiff, and clamping was performed just distal to the T tube.
Protocol
In both series of experiments, there were irregularities of cardiac rhythm and ventricular pressure, immediately after the surgical procedures. This unstable period lasted no longer than 15 minutes and, thereafter, the preparations attained a steady state, which was sustained for hours or the duration of the experiment. In all studies, an equilibration period of 30 minutes was permitted to elapse before any intervention.
Sixteen preparations were studied during isovolumic contractions. After the equilibration period, the deflated volume of the balloon was determined for each heart. The deflated volume was defined as the minimal volume of saline in the ballon that allowed a stable level of diastolic pressure and a positive pressure without artifacts during contraction. The deflated volume was associated with a negative diastolic pressure in all cases. In each study, left ventricular pressure was recorded while the balloon was at the deflated volume and following sudden expansion until a stable level of peak systolic pressure was reached. Ventricular dilation was produced by manually injecting a known volume of saline into the balloon. For each study, the added volume was previously determined so that peak systolic pressure did not exceed perfusion pressure (100 mm Hg). Between interventions, the preparations were allowed to stabilize for 10 minutes at the deflated volume.
Studies were also carried out to examine the effects of: (1) differing ventricular volume increments, and (2) infusion of calcium chloride (5 mEq/liter at a rate of 2 ml/ min) and infusion of verapamil (50 ng/m\ at a rate of 1.0-3.5 ml/min) on the response to ventricular dilation. To evaluate the influence of incrementing ventricular volume, we injected three different volumes of saline into the same ventricle. Again, the maximal volume to be injected was predetermined so that ventricular pressure would not exceed perfusion pressure. To evaluate the effects of calcium chloride and verapamil on the ventricular response to dilation, a control intervention was performed immediately before drug infusion, utilizing the same volume increment as during calcium or verapamil addition. Infusion into the perfusion cannula was at a constant rate, and ventricular dilation was induced when pharmacological effects had stabilized.
Six additional experiments were carried out to compare Heart rate: 56 ± 4.6 beats/min; RP: resting pressure in control state (C) and after (A) volume change; DP: left ventricular developed pressure in control state (C), immediately after volume change (1) and in steady state (S); AjDP: initial increase in DP following ventricular dilation; A 2 DP: time-dependent increase of DP following dilation; ADP: total increase of DP following ventricular dilation; TPP: time-topeak pressure; T/2: time to half response (see text).
the ventricular dilation response with that elicited by systolic load (a change from ejecting beats with low systolic pressures to isovolumic beats with higher developed pressures, without changes of diastolic conditions). Records were obtained while the ventricles ejected freely into the reservoir and after abrupt clamping of the rubber tube during diastole, until developed pressure attained a stable value. Thereafter, saline was withdrawn from the balloon, and preparations were allowed to equilibrate at the deflated volume. The same volume as that withdrawn was then injected into the ventricular balloon, and the effects of volume and systolic load were compared. In both experiments, sudden changes in cardiac loading frequently provoked bursts of premature beats. Data from studies in which this occurred were not subsequently utilized.
Student's Mest for paired data were utilized for statistical analysis, and differences were considered significant at P< 0.05.
Results
Sudden left ventricular volume expansion was followed by a consistent pattern of ventricular response ( Fig. 1 ). There was an instantaneous increase in developed pressure (DP), followed by a short period of modest pressure decline which reached a nadir 4-12 beats after ventricular dilation. Thereafter, a gradual enhancement of performance occurred, taking several minutes to reach a new plateau at a level higher than that present during the CPPi initial abrupt increase in pressure. Although variable in magnitude, this pattern of response occurred in all cases. Table 1 shows the mean values ± SEM for the 16 preparations studied during isovolumic contractions. The initial increase of DP (A]DP: lowest value of DP after dilation minus control value) ranged from 54% to 75% (65 ± 1.3%) of the total increase of DP. The remainder, 25% to 46% (35 ± 1.7%) of the DP elevation, resulted from a slow increase in DP (A 2 DP). The time to reach 50% of peak A 2 DP (T/2) ranged from 57 to 96 seconds (74.7 ± 3.5). In 11 experiments, the time-to-peak pressure in an individual contraction (TPP) was determined at three points in time: when the balloon was deflated, at the moment that DP achieved the lowest value after dilation, and at the final steady state peak value of DP. It can be seen (Table 1 ; Fig. 2 ) that the rise in DP that occurs between the control state and immediately after ventricular expansion is accompanied by a prolongation of TPP, whereas the time-dependent increase in DP takes place with no further change in TPP.
In comparison with the effects of volume expansion, a distinct difference in mechanical performance was identified when the influence of an isolated increase in systolic pressure was studied. Figure 3A shows the effects of a sudden elevation of systolic FIGURE 1. Record of developed pressure (DP) and coronary perfusion pressure (CPP) obtained in one experiment. The white letters inside the pressure record identify the times for the measurements of DP. C represents control state with the ventricular balloon at the deflated volume (see text); I denotes the lowest values of DP immediately after injecting saline into the balloon, and S is the steady stale pressure after ventricular dilation. A,DP: initial increase of DP following ventricular distention; A 2 DP: time-dependent increase of DP; T/2: time for the slow increase in pressure to attain half of its final value, ln this example, the heart was paced at 108 beats/min, the deflated ventricular balloon volume was 4 ml, and the volume of saline injected into the ventricle was U ml. It can be seen that the initial increase in pressure is associated with prolongation of the time-topeak pressure, whereas there was no additional change in this parameter during the slow increase in pressure.
pressure at constant ventricular diastolic volume. The first contraction after abrupt systolic pressure imposition was similar to that observed at the final steady state. After the abrupt increase in systolic pressure, changes in ventricular performance were associated with a modest decline of pressure which gradually recovered, but a true potentiation of contraction was not observed. This contrasts with the contraction pattern observed after ventricular dilation ( Fig. 3B ) in which a clear potentiation of performance is seen in the final steady state, in comparison with the change seen immediately after volume expansion.
To evaluate the effects of the magnitude of volume increment, four preparations were studied. Figure 4A shows that the increase in the degree of ventricular expansion led to an increase in both A,DP and A 2 DP. In Figure 4B , it is seen that T/2 decreased as volume augmentation increased.
The inotropic effects of calcium chloride (six preparations) and verapamil (eight preparations) were identified by comparing values of DP before and during the infusion of these drugs. Calcium chloride elevates control DP from 17 ± 0.4 mm Hg to 25 ± 1.2 mm Hg (P < 0.001), whereas DP in the dilated steady state was elevated from 65 ± 3.0 to 76 ± 2.1 mm Hg (P < 0.001). Cardiac depression elicited by verapamil decreased DP from 15 ± 1.3 to 12 ± 1.2 mm Hg (P < 0.05) in the control state and from 66 ± 4.9 to 40 ± 2.3 mm Hg (P < 0.001) in the dilated state. Figure 5 summarizes the influence of calcium chloride and verapamil on the pattern of ventricular response to a sudden change in volume. The initial increase in DP (AiDP) is potentiated when ventricular dilation occurs during calcium chloride infusion; however, the slow increase (A 2 DP) and T/2 did not change significantly from control. Verapamil diminished both the immediate (AiDP) and the timedependent (A 2 DP) increase in DP (Fig. 5) . The timedependent increment of DP, although still present, takes longer to occur with verapamil, as demonstrated by prolongation of the T/2 response (55 ± 2.7 sec to 67 ± 2.5 sec; P < 0.001).
Discussion
In a manner similar to the isolated muscle preparation subjected to an abrupt stretch, ventricular performance is enhanced in a biphasic manner following sudden ventricular dilation. An instantaneous increase in mechanical performance is followed by a time-dependent potentiation of contraction. Interposed between these two periods of DP increase is a transient decline in DP. Whereas Parm- ley and Chuck (1973) found that the transient fall in performance of the isolated muscle preparation immediately after a stretch can be linked to the accommodation of a series viscoelastic element, such as explanation may not necessarily apply to the intact heart where "damaged ends" of a muscle preparation are not present. The time-dependent enhancement of mechanical performance following ventricular dilation seems to be the most remarkable finding of the present investigation, and suggests an interrelation between muscle length and inotropic state. The presence of distinct differences in mechanical performance when two methods of loading the ventricle were directly compared, provides evidence against the possibility that the time-dependent increase in DP is elicited by the initial systolic load. In fact, when the increase in systolic load alone was studied, there was no subsequent increase in pressure beyond that occurring immediately after imposition of the load. This type of response is similar to that described for the Anrep effect (Monroe et al., 1974) .
Considering the traditional Frank-Starling concept, in which force generation is related to simple overlap of thick and thin filaments, there is no means relating sudden ventricular dilation to a slow increase in ventricular performance and to the effects of drugs and different degrees of dilation on the height and time-course of A2DP. In addition, Parmley and Chuck (1973) presented evidence excluding changes in muscle cross-sectional area, release of stored catecholamines, and series viscous effects, as mechanisms contributing to the slow enhancement of myocardial performance following a stretch.
Recently, Allen and Kurihara (1982) reported evidence for contractile system activation during slow changes of myocardial performance following stretch. These authors showed that, after abrupt lengthening, there is a slow increase in peak light emitted by myocardial fibers injected with the calcium-sensitive photo-protein aequorium over the time during which the slow increase in tension took place. It is noteworthy that this slow increase in tension and luminescence occurred in the absence of prolongation of time-to-peak tension. Similarly, our findings show that, during the slow enhancement of contraction following ventricular volume expansion, there was no change of TPP.
The mechanism ultimately underlying length-induced changes of the activation process is not yet clear. Activation factors which most likely depend on muscle length have been recently considered (Jewell, 1977; Gordon and Pollack, 1980) as including: (1) changing of contraction duration, (2) decreased deactivation, and (3) increased activation. As the slow increase of pressure occurred at a constant ventricular volume, the most straightforward conclusion is that slow changes take place when muscle fibers are at near-constant length. In this condition, changing of contraction duration and deactivation are less likely to be contributing to the slow improvement of mechanical performance, since these factors presuppose a change in muscle length in order to be elicited. Activation of the contractile system thus seems to be the most likely explanation for the slow increase of DP. Lakatta and Jewell (1977) considered that the time-dependent increase in contraction reflects an accentuation of transsarcolemmal calcium influx secondary to reported (Dulhunty and Franzini-Armstrong, 1975; Ridgway and Gordon, 1975) changes in the cell membrane. Chuck and Parmley (1980) , however, argue against the participation of extracellular calcium in the slow change of tension. These authors suggest an intracellular mechanism for the slow change, and point to a possible involvement of calcium handling by the sarcoplasmic reticulum. Allen and Kurihara (1982) have demonstrated that the increase in peak light was simultaneous with an abreviation of the light transient, and considered the possibility that a reduced calcium efflux could account for increased calcium stores.
Our results have shown that the slow increase in performance is proportionally larger and faster as ventricular dilation increases. These results seem in agreement with the concepts of Lakatta and Jewell (1977) , as well as with those of Allen and Kurihara (1982) . The former authors considered the increase in cellular surface area for ion exchange and the decrease in membrane resistance to be responsible for an accentuation of intracellular calcium influx. The additional increase in A2DP and further shortening of T/2 observed with larger degrees of ventricular distention are consistent with this concept. Larger volume increments may be associated with more pronounced sarcolemal changes which, in turn, lead to larger increases in the magnitude and abbreviated time course of the increase in pressure. The mechanism stressed in the work of Allen and Kurihara (1982) was the changing of the binding constant of troponin for calcium as a function of developed tension. If one assumes that the intracellular Ca ++ accumulation depends on the binding constant of troponin for calcium which, in turn, depends on the degree of tension generation, it can be supposed that larger volume increments promoting higher initial pressure increases could account for greater changes in calcium binding by the myofilaments, which then lead to greater and more rapid intracellular calcium accumulation.
It seems that the formulation of Allen and Kurihara (1982) and that of Lakatta and Jewell (1977) have a common conceptual point, which is that, subsequent to a stretch, myocardial activation is heightened due to an intracellular accumulation of extracellular calcium which has crossed the cell membrane. Our results of the effects of calcium chloride and verapamil infusions upon the slow increase in performance are in agreement with the view that slow increase is related to a transient net gain of intracellular calcium. Since transsarcolemmal calcium influx was presumably inhibited during verapamil infusion, the time-dependent increase in DP was smaller and slower. A similar influence of verapamil on both the time-dependent increase in tension and on the time-to-one-half response was reported in studies utilizing the isolated muscle prep-Circulation Research/Vo/. 55, No. 1, July 1984 aration (Lakatta and Jewell, 1977) . During calcium infusion, an inhibition of the relative magnitude of the time-dependent increase in tension was observed. Similar findings were seen when bath calcium concentration was elevated in studies utilizing the isolated muscle preparations (Chuck and Parmley, 1973; Allen and Kurihara, 1982) . As higher extracellular calcium moves the muscle closer to its maximal activity by increasing Ca ++ in the intracellular stores, it seems possible that the slow increase in performance was reduced because intracellular calcium stores were already loaded. This interpretation is in keeping with the findings of Allen and Kurihara (1982) studying peak tension and light emission of rat papillary muscles undergoing spontaneous changes in the degree of activation. When rat muscle mechanical performance was close to maximum, the slow phase of tension and light increase were not present. When tension had fallen, the slow increase in tension and increased peak light were present. Chuck and Parmley (1980) found that caffeine reversed the slow enhancement of performance and suggested that the time-dependent improvement of contraction is linked entirely to an intracellular mechanism, rather than to a transarcolemal exchange of calcium. Since caffeine has complex effects on cellular calcium transit, altering membrane permeability, calcium accumulation, release, and uptake (Shine and Langer, 1974; Fabiato and Fabiato, 1975; Kavaler et al., 1978) , its actions are difficult to interpret, and, in the presence of caffeine, normal transarcolemmal calcium events may be masked.
It seems difficult to analyze the initial increase of pressure, attempting to discriminate the participation of physical and activation factors. The role of changing contraction duration, induced deactivation, and increased activation in the immediate enhancement of myocardial performance due to lengthening have recently been discussed (Jewell, 1977; Gordon and Pollack, 1980) , and it is not clear that the present experiments shed further light on this subject.
Viewing the range of ventricular pressures over which the present studies were conducted, it must be considered that the ventricular volumes achieved in these experiments were unphysiologically small, and it could be argued that the short sarcomere lengths at which our preparation was studied may result in findings whose applicability to a more physiological volume range could be questioned. Whereas this may be a valid objection, a number of points support the idea that our findings may not be a peculiarity of understretched sarcomeres. Indeed, in isolated muscle preparations of several animal species, length dependence of activation was described (Allen et al., 1974; Huntsman and Stewart, 1977; Lakatta and Jewell, 1977; Chuck and Parmley, 1980; Allen and Kurihara, 1982) to occur in the range of 80% to 100% of optimal length (those points on the ascending limb of the length-tension curve where 80-100% of maximal active force is developed). In addition, there is evidence from studies of the intact dog, cat, and rat heart (Spotnitz et al., 1966 (Spotnitz et al., , 1979 Grimm et al., 1980) which supports the view that sarcomeres have a diastolic slack length below which they do not shorten. A reliable value for the slack length was proposed (Sonnenblick and Skelton, 1974; Sonnenblick, 1974; Jewell, 1977) to be about 1.9 nm, which represents 83% of optimal length. The assumption that the shortest sarcomere length attained in our experiments was the slack length of 1.9 nm, in conjunction with the fact that length dependence of activation has been demonstrated in a range which includes slack length to optimal length, leads us to believe our results reflect true properties of the myocardium, rather than an artifact resulting from small cardiac volumes. The results reported by Suga and Sagawa (1974) , who studied step changes in volume of isolated canine heart at more physiological volumes, are in support of this contention. These authors demonstrated that "a change in volume was associated with an instant change in peak ventricular pressure which then kept changing over the following 0.5-2 minutes, and became constant thereafter. When the volume was increased, the transient pressure change was a gradual increase to a steady level. A gradual decrease in pressure followed the initial pressure decline induced by a step decrease in volume." It is of interest that the reported time-constant for the transient response is comparable to that found in the present study.
From the foregoing considerations, it seems reasonable to conclude that, in addition to the physical factors traditionally considered as the sole physiological basis of the Frank-Starling mechanism, a change in ventricular volume shifts cardiac performance through complex subcellular adjustments. Our data are consonant with the possibility that the activation process is mobilized when myocardial length varies, i.e., there is a constant interplay between myocardial fiber length and inotropic state. Accordingly, the traditional view which considers these two variables as independent regulators of cardiac performance seems invalid. The relative contribution of activation to the enhancement of the cardiac contraction when myocardial fiber lengthening takes place remains to be established.
